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The rheological behavior of coal-water slurries was stud­
ied, using a Brookfield Rheolog viscometer with a thermosel 
system to maintain constant temperature. The coal used for 
making up the slurries was Sarpy Creek subbituminous coal 
from Montana. The effect of particle size, slurry concen­
tration and hot water drying process on the rheology was in­
vestigated. The particle size used ranged from 0.223 mm to
0.044 mm mean particle diameter, and the solids concentra­
tion in the slurry varied from 15 to 70 weight %. Tempera­
ture was maintained at 28 C (82 F).
Coal-water slurries exhibited a pseudoplastic behavior. 
The behavior of coal-water slurries was described accurately 
by a power law model of the form
t = a(R)b
where 1t ' is the shear stress, 'R' is the shear rate and 'a' 
and 'b' are experimentally determined constants. It was 
seen that apparent viscosity increased with an increase in 
solids concentration. It was also observed that the coeffi­
cient 'a' increased with an increase in solids concentra­
tion, while the exponent ’b' did not show any definite pat­
tern in its variation.
xiv
The moisture content of the hot water dried coal was de­
termined to be 13%, as compared to 25% for the unprocessed 
coal (as received coal). The slurry made with hot water 
dried coal showed a pseudoplastic or shear thinning behav­
ior, and it was seen that the apparent viscosity of hot wa­
ter dried coal-water slurries was lower than the apparent 
viscosity of unprocessed coal-water slurries.
Sedimentation characteristics of coal-water slurries were 
also studied by using a specially designed sedimentation ap­
paratus. The settling rates of coal particles were found to 
vary inversely with increase in slurry concentration, and 
directly with particle size. The particle sizes used were 
the same as those used for obtaining the rheology data. Hot 





The depletion of energy sources has become a multifaceted 
problem. This depletion has contributed for the rapidly in­
creasing interest in the transportation of coal by slurry 
pipeline and also in the use of coal-water slurries as fuel 
in boilers to generate power.
Some of the organizations involved in extensive research 
on coal-water slurries are:
1. Cape Breton Development Corp., Sydney, Nova Scotia.
2. Du-Pont Co., Memphis, Tennessee.
3. Standard Havens Research Co., Kansas City, Missouri.
4. Coal Liquid Inc., Louisville, Kentucky.
One of the major sponsors of research in coal-water slur­
ries is the United States Department of Energy (U.S. D.O.E). 
The Department of Energy is sponsoring tests at various or­
ganizations. These tests will be a key indicator of the 
success in adapting coal-water slurries to the industrial 
market (1).1
1 Numbers in paranthesis that are underlined refer to refer­
ences cited at the end of this report.
1
2
Many of the design, operation, and the scale up problems 
of pilot plant or demonstration plants handling coal-water 
slurries are based on materials handling. Thus, the under­
standing of the flow behavior of coal-water slurries is very 
important for the successful design and the economic viabil­
ity of the various processes handling coal slurries, such as 
H-Coal Process, Solvent Refined Coal Process, Exxon Donor 
Solvent Process, etc.
Some researchers (1_,2 ) propose that slurries made with 
alcohol have the advantage of producing a high Btu content 
fuel and thus improving coal combustion. But the primary 
research focus in the U.S. is on coal-water slurries, con­
taining upto 80 wt% coal and 20 wt% water.
It has been estimated that coal-water slurries can be 
anywhere from 20 to 50% cheaper than fuel oil (1) . On a 
commercial basis coal-water slurries are made by grinding 
coal in rod mills to particle size of 6.35 mm (1/4 inch) di­
ameter or smaller. Some chemical additives are added to 
stabilize and thin the mixture. The use of coal-water slur­
ries instead of fuel oils, necessitates the altering of the 
equipment in use now. Industry experts state that problems 
like settling of solids, reduction of ash content, reduction 
of toxicity of the refuse material, etc involved with the 
use of coal-water slurries in boilers have largely been 
solved. But replacement of fuel oil by coal-water slurries 
in industry is still not a commercial reality (3).
3
Some points in favor of the use of coal-water slurries as 
a boiler fuel over solid fuels and/or fuel oil are:
1. Ease in handling, transporting and storing of a liq­
uid
2. Low cost per unit of energy
3. Potential for boiler retrofit at low capital cost
4. Independence from foreign oil imports
5. Capability for integration with coal-water slurry 
pipeline
6. Capability for integration with coal cleaning plant
7. Small capital requirement for slurry making plant.
8. Potentially can be used in direct combustion as re­
placement for fuel oil or in a Texaco gasifier (4).
There has been no work done on the rheological behavior 
of hot water dried coal-water slurries. Hot water drying is 
a process which reduces the moisture content of coal by 
heating a coal-water slurry at high temperature and pressure 
(5̂) . Also no data has been published on the effect of mois­
ture content and temperature on the rheological behavior of 
slurries. Experiments to determine rheological properties 
of hot water dried coal slurries are desirable and would 
prove useful in the utilization of hot water dried coal-wa­
ter slurries as low cost liquid fuel for boilers.
This study investigates the rheological and settling 
properties of Sarpy Creek Montana subbituminous coal-water 
slurries. It is comprised of three parts.
4
1. Development of a method for determining the rheologi­
cal properties of coal-water slurries. The method 
should be simple, reliable and relatively inexpen­
sive. It is also necessary to ensure that no phase 
separation occurs during the measurements by matching 
densities, taking observations before settling of 
coal.
2. Determination of the effect of concentration, parti­
cle size, and hot water drying on the rheological 
property of coal-water slurries. These parameters 
are particularly important for establishing a relia­
ble base for the prediction of slurry viscosity.
3. Determination of the settling characteristics of 
these slurries, including, determining the effect of 
particle size and concentration on the settling rate.
The results should provide information which will help in 
the design of boilers, process pipelines and other equipment 
to handle coal-water slurries.
Chapter II
THEORY OF VISCOSITY
Rheology is defined as the science of deformation and 
flow of matter. Viscosity is a measure of fluid friction.
It is a result of internal friction which occurs when a lay­
er of fluid is made to move in relation to an adjacent lay­
er. A highly viscous fluid possesses a great deal of inter­
nal friction. It will not pour or spread as easily as a 
material with lesser viscosity (6). Fluids are classified 
into two main categories, Newtonian and non-Newtonian, de­
pending on their behavior under imposed shearing forces.
Viscosity can be defined using the following model. Con­
sider two parallel layers of fluid of equal area 'A', sepa­
rated by a distance ’dx', which are moving relative to each 
other. The force required to maintain the difference in ve­
locity is proportional to velocity gradient (6). Expressed 
mathematically:
F/A = y (dv/dx) (2.1)
where dv/dx = velocity gradient, sec~l
F = force required to maintain the difference in velocity 
gradient, dynes 
A = surface area, cm^
V = constant of proportionality, dynes/cm^sec
5
6
This constant of proportionality is referred to as the 
coefficient of viscosity or viscosity. The velocity gradi­
ent is a measure of the relative speed at which one plane 
moves with respect to the other and describes the shearing 
experienced by the fluid. The velocity gradient is also 
called the shear rate and is denoted by 'R'. The term F/A 
indicates the force per unit area required to maintain the 
velocity gradient between two layers of the fluid. It is 
called the shear stress and is denoted by 't '.
Therefore, viscosity can be defined as
U= shear stress/shear rate = t /R. (2.2)
When this ratio is constant for varying shear stresses and 
shear rates, the fluid is called Newtonian. Thus, for a 
Newtonian fluid the plot of shear stress and shear rate will 
be a straight line passing through the origin (7̂) . This is 
indicated by curve 'c' which is a straight line through the 
origin on Figure 1. Figure 1 is a plot of shear stress ver­
sus shear rate for various types of fluids on arithmetic co­
ordinates and is called a rheogram.
Unfortunately, many of the fluids used in industry do not 
behave in the above manner. Such fluids are termed non-New­
tonian fluids.
There are various types of non-Newtonian fluids, classi­
fied by the way shear rates change with shear stresses. It 











Figure Is Shear Stress-Shear Rate Curves for Time 
Independent Fluids.
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for non-Newtonian fluids, unless the shear rate or shear 
stress to which it refers is stipulated, since viscosity is 
not a constant quantity as in the case of Newtonian fluids. 
The term apparent viscosity is used in relation with non- 
Newtonian fluids and is defined, in the same manner as equa­
tion 2.2, as the ratio of the shear stress to shear rate. A 
more useful engineering approach is to represent the shear 
stress-shear rate curve on logarithmic coordinates as shown 
in Figure 2.
Bingham plastic is the simplest of all non-Newtonian flu­
ids. The relationship between shear stress and shear rate 
is similar to that of a Newtonian fluid, except that the 
straight line does not pass through the origin. Thus, a fi­
nite shear stress or yield stress is necessary to initiate 
movement. In other words, a Bingham plastic fluid does not 
flow until the applied shear stress exceeds a certain value. 
After this value is exceeded, the material follows a behav­
ior similar to that of a Newtonian fluid. This is shown in 
Figure 1, curve 'a', as a straight line that does not pass 
through the origin. On logarithmic coordinates, as shown in 
Figure 2 the rheogram becomes asymptotic to yield shear 
stress at low shear rates and approaches a slope of unity at 














Figure 2: Shear Stress-Shear Rate Curves on Logarithmic Coordinates.
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Another type of non-Newtonian behavior is represented by 
the pseudoplastic fluids. This is the most important clas­
sification of the non-Newtonian fluids. It displays on 
shear stress-shear rate coordinates a concave-downward flow 
curve as shown in Figure 1 curve 'b'. On logarithmic coor­
dinates pseudoplastic fluids exhibit flow curves having 
slopes between zero and unity. Sometimes the curve shows a 
point of inflection, and the slope approaches a value of 
unity at extremely low and at very high shear rates. Usual­
ly the flow curve is a straight line on logarithmic coordi­
nates over a rather wide range of shear rates (10 to 100 
fold), sometimes having slopes of appreciably less than 0.1. 
For any such straight line region the flow curve may be de­
fined by the equation
T = a(R)b (2.3)
where 'b' has values of less than unity (̂ 7). 'a' and 'b'
are constants for a particular non-Newtonian fluid. The 
constant 'a' is referred to as the 'consistency'; the higher 
the value of 'a', the more viscous is the fluid. Thus, it 
characterizes the thickness of a fluid. The constant 'b' is 
called the 'flow index'. It is a measure of the degree of 
departure from Newtonian behavior (b=l); 'b' less than unity
gives a pseudoplastic behavior and 'b' greater than unity 
gives a dilatant behavior. This is the most common method 
of mathematically describing a pseudoplastic fluid and is
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called the Ostwald-deWaele or the Power Law Model. This is 
basically an empirical relation which has found widespread 
engineering acceptance because of its simplicity.
Curve 'b' in Figure 1 represents pseudoplastic type of 
behavior for a non-Newtonian fluid. The logarithmic plot 
(Figure 2 curve 'd') is perfectly linear. But it spans only 
about one and a half decades of shear rate. This is typical 
of systems displaying such behavior. However, for many 
practical design applications the range of shear rate en­
countered is relatively limited and this simple empirical 
approximation is sufficient for engineering design. Appar­
ent viscosity can be expressed as follows for fluids obeying 
the Power law
apparent viscosity = t/r = a(R)b-l (2.4)
It is seen that because 'b' is less than unity, the ap­
parent viscosity vanishes at large rates of shear. This is 
physically impossible. It also indicates that apparent vis­
cosity becomes infinite when shear rate approaches zero, an­
other physical impossibility. Thus, the power law model 
possesses improper limiting behavior at low and high shear 
rates. Its simplicity however, has led to its wide use (6). 
It is seen from Figure 1, Figure 2, and equation (2.4) that 
for a a pseudoplastic fluid viscosity decreases as shear 
rate increases, since the slope of the line decreases with 
increase in shear rate. Essentially these fluids 'thin'
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when sheared. Thus, they are called shear thinning fluids. 
It can also be concluded from curve 'b' Figure 1 that the 
shear stress is not doubled when the shear rate is doubled 
as is true for Newtonian fluids. Examples of pseudoplastic 
fluids are polymeric melts such as cellulose acetate, 
paints, detergent slurries, etc.
Fluids which show increasing apparent viscosity with in­
creasing shear rate are called dilatant fluids and are rep­
resented by curve 'd' in Figure 1. The curve is concave up­
ward at low shear rates and becomes linear at high shear 
rates. Dilatant fluids display a rheological behavior oppo­
site to that of pseudoplastic fluids. The best explanation 
for dilatant behavior is still the original explanation giv­
en by Osborne Reynolds (8). He assumed that these fluids 
when at rest, consist of densely packed particles, in which 
the voids are small and perhaps at a minimum. Sufficient 
liquid is present to fill these voids. The motion of such 
fluids at low shear rates requires only small shearing 
stress. At increasing shear rates the dense packing of the 
solid particles is progressively broken up, and since the 
packing initially involved minimum voids, there is now in­
sufficient liquid present to enable the particles to flow 
smoothly past one another. Therefore, the shear stress in­
creases more than proportionately with shear rate as illus­
trated in curve 'd' Figure 1. Hence, these fluids are also 
called shear thickening fluids. The most commonly used
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rheological model for shear thickening suspensions is also 
the power law model with value of 'b' greater than unity. 
Some examples of dilatant fluids are starch, and gum arabic 
in water. On logarithmic coordinates dilatant fluids exhib­
it a steep increase with increase in shear rate as shown by 
curve ’a' in Figure 2.
Unlike the fluids discussed above, there are some fluids 
for which the shear stress at a given shear rate and temper­
ature is not constant, but changes with the duration of the 
shear. These time-of-shear-dependent non-Newtonian fluids 
may be termed rheopectic or thixotropic depending on whether 
the stress increases or decreases with time of shear at a 
constant shearing rate. Experimental data has shown that 
certain suspensions, like clay, behave rheopectically at 
small shear rates. The rheograms of such suspensions exhib­
it a characteristic hysteresis loop. At high shear rates no 
further restructuring of the suspension takes place.
Thixotropic behavior can be explained as the breakdown or 
destruction of the structure of the suspension which devel­
ops with an increase in the shear deformation of the viscous 
flow. At sufficiently large shear stresses not only does 
the disperse system but also the small clusters of parti­
cles breakdown and this brings about a gradual decrease in 
viscosity. This has been observed in some paints, ketchup 
and other foods and some polymeric solutions. Thixotropy is
14
thus of much more greater practical importance than rheopec- 
tic behavior (9).
Non-Newtonian fluids of the pseudoplastic type are second 
in importance only to Newtonian fluids, while Bingham plas­
tics, dilatant, thixotropic and rheopectic fluids are all of 
much less frequent occurence.
Chapter III
LITERATURE SURVEY
The most important parameters affecting the viscosity of 





These parameters have been studied both theoretically and 
experimentally.
Moreland (H)) , Mishra, Severson, and Owens (ljL) , and Ad­
ams (h2) studied the effects of particle size on the rheolo­
gical properties of solid suspensions in liquids. Moreland 
(10) obtained the viscosity data for slurries consisting of 
coal particles suspended in mineral oil. Some data were 
also taken for suspensions of glass spheres in mineral oil. 
He found that for volume concentration of suspension greater 
than 10% the apparent viscosity depended upon the spindle 
speed and the size of the spindle in the Brookfield rota­
tional viscometer used. This was an indication that the 
slurry was non-Newtonian. Moreland's results showed that 
apparent viscosity of slurry increased with decrease in par­
ticle diameter. Also for all concentrations greater than 10
15
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volume %, the slurry showed definite pseudoplastic proper­
ties .
Mishra, Severson, and Owens (11_) studied concentrated 
silica-water suspensions using a rotational viscometer.
They reported that a decrease in particle size led to an in­
creased deviation from Newtonian behavior, and that apparent 
viscosity of silica-water suspensions was a decreasing func­
tion of particle size. They said that the power law model 
described the data very accurately. The power law parameter 
'a' was found to be a monotonic increasing function of sol­
ids concentration and the parameter 'b' was a decreasing 
function of solids concentration.
The major conclusion of Adams (12) was that viscosities 
of raw lignite slurries in water with particle size greater 
than 0.469 mm (100 U.S. mesh), and up to 50 wt% solid con­
centration, decreased with decreasing particle size at a 
constant shear rate. Thus, the results of Moreland (K)) and 
Adams (1_2) and Mishra (1_1) are in disagreement with each 
other.
Moreland (1JD) Mishra, Severson and Owens (1_1) , and Adams 
(12) also measured viscosity as a function of slurry concen­
tration. They all reported that the apparent viscosity in­
creased with an increase in solids concentration.
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Shook and Nurkowski (1_3) analyzed the effect of alkaline 
additives on the viscosity of coal-water slurries. Experi­
ments were conducted with bituminous, subbituminous and lig­
nite slurries. It was determined that there was no effect 
of additives on the the rheological behavior of lignite 
slurries, but the apparent viscosity of bituminous and sub- 
bituminous coal-water slurries was reduced. The solids con­
centration of coal-water slurries varied from 10 to 50 wt%. 
All three types of coal exhibited a pseudoplastic behavior 
for both untreated slurries and slurries treated with the 
additives.
Batra, Tsai, Dooher, Jakatt, and Blake (3̂ ) found Newto­
nian behavior for coal slurries in residual oil no. 6 for 
solids concentration varying from 0 to 0.40 volume fraction 
at ambient temperatures, using the Haake rotavisco RV3 and 
Contraves Rheomat 15 viscometers. Both viscometers were op­
erated in the 0-1000 sec~l shear rate and 0-40 dynes/cm^ 
shear stress range. Ekmann and Bienstock (3J5) measured the 
rheological properties for the same slurries for solids 
loading from 0.3 to 0.5 volume fraction, using a Brookfield 
synchroelectric viscometer at 52 C (125 F), and found them 
to be shear thinning.
Scheffee (1€>) studied the rheology of coal-water slurries 
for use in boilers as a low cost liquid fuel. For obtaining 
the viscosity data, a rotational viscometer with a T-bar
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spindle and a cylindrical spindle were used for low shear 
rates, and for higher shear rates an extrusion viscometer 
was used. Two Eastern bituminous coals and one Western sub- 
bituminous coal were used. Data were obtained for slurries 
made with low and high shear mixing. Slurry concentrations 
up to 70 wt% were tested. Data obtained showed a shear 
thinning behavior. It was seen that 65 wt% slurries were 
very fluid with slight settling for slurries prepared with 
high shear mixing. The slurry was barely pourable when pre­
pared with low shear mixing. They reported that apparent 
viscosity decreased with increase in temperature.
Scheffee (17) also looked into the preparation of highly 
loaded coal slurries for bi-modal particle size distribu­
tions. He reported that coal-water slurries containing upto 
70% bituminous coal are technically feasible. The best car­
rier, based on water, was found to be 3% corn starch solu­
tion. The best carrier, based on No. 6 oil, was found to be 
oil-in-water emulsions made with polyethylene glycol lauryl 
ether as an emulsifier. Slurries of coal in water were also 
found to be very stable. The 65 wt% bituminous coal slurry 
showed approximately 1% settling after 74 days. Another 
conclusion reached by Scheffee was that subbituminous coal- 
water slurries could not be loaded as highly as bituminous 
coal-water slurries.
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Marlow and Rowell (1J3) looked into the rheology of lig­
nite coal-oil mixtures and coal-water mixtures. They per­
formed experiments with 72 wt% coal-water slurries. They 
reported that coal-water slurries prepared with low shear 
mixing acted as Bingham plastics with a yield stress of 32 
dynes/cm2. They also reported negligible settling. Coal- 
oil mixtures also behaved as Bingham plastic fluids.
As mentioned earlier, work has also been done for coal 
slurries in organic solvents. Castillo and Williams (19) 
used a cone and plate viscometer in measuring viscosity of 
lignite slurries in chlorinated biphenyl and in glycerol. 
They reported that the slurries behaved as shear thinning 
fluids and in some cases as Bingham plastics. The influence 
of particle size, particle size distribution and of surface 
active additives was also examined. They found that bi-mo- 
dal slurries were more fluid (and more stable) than mono 
disperse ones, and surface active additives could stabilize 
and lower the viscosity of slurries in polar solvents.
Ulbrecht and Ryan ( 0̂) investigated the rheological be­
havior of anthracite coal slurries in anthracene and tetra- 
bromoethane using a Haake viscometer (coutte type) for shear 
rates varying from 0.01 to 1000 sec--*- and solids concentra­
tion varying from 0 to 34 volume percent. They reported 
that the slurries exhibited an yield stress and a pronounced 
thixotropic behavior for volume concentrations greater than
20
29%. The apparent viscosity of coal slurries was found to 
be dependent on both the shear rate and particle size. At 
high shear rates the suspension viscosity approached a lim­
iting value. Apparent viscosity increased with a decrease 
in particle size.
Laudal (2JL) performed experiments to determine the behav­
ior of lignite-anthracene oil slurries using a Brookfield 
Rheolog viscometer. He reported that slurries with coal 
concentration between 0 and 40 wt%, behaved as Newtonian 
fluid. Klimpel {22) studied the specific rates of breakage 
of lignite coal in dense coal-water slurries with controlled 
variations in slurry fluidity, and the rheology of coal-wa­
ter slurries. They concluded that slurry density, particle 
size distributions and chemical environment were some of the 
factors which determine the behavior of slurry. They re­
ported that for concentration less than 40% to 50% by vol­
ume, the slurry behaved as a dilatant fluid and with an in­
crease in solids concentration (»45%) the slurry tended to 
move towards a pseudoplastic behavior.
AlTaweel (23) conducted studies for determining rheologi­
cal properties of lignite coal-water and lignite coal-oil- 
water slurries. He used a FANN rotating cup viscometer. 
Pressure drop measurements were also made. He reported that 
coal-water slurries tended to act as a Bingham fluid and 
that the apparent viscosity was a function of coal concen­
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tration and chemical additives. Apparent viscosity in­
creased with an increase in solids concentration. He also 
reported that apparent viscocity decreased with an increase 
in temperature.
Adiga, Pithapurwala, Najmy, Moudgil and Shah (240 inves­
tigated the behavior of lignite coal-oil-water and lignite 
coal-oil-ethanol slurries. They concluded that coal-oil- 
ethanol slurries had a lower viscosity than the coal-oil-wa­
ter slurries. The coal-oil-water slurries exhibited a pseu­
doplastic behavior.
Settling rate of slurries also plays an important role in 
the rheological behavior of any suspension/slurry. Steinour 
(25) , Moreland (2(5) Darby and Rogers (2̂) and Adams (^2) con­
ducted experiments related to the effect of solids concen­
tration on the settling rates of slurries/suspensions. 
Steinour (2J5) , Darby and Rogers (2), and Adams (12) de­
scribed three different experimental methods for determining 
the settling rate of suspensions.
Moreland (2 6 ) studied the settling rate of low volatile 
bituminous coal particles in mineral oil. He reported that 
there was a big difference in the experimental values and 
those obtained from basic correlations suggested by Steinour 
and others (2,T5,26^) . He explained that this may be due to 
differences in individual particles in the same sieve size 
band. Settling velocity decreased with decrease in particle 
size.
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Adams (1_2) reported that the settling rate of North Dako­
ta lignite-water suspensions varied inversely with solids 
concentration and directly with particle size.
The literature survey reveals two serious drawbacks to 
the use of coal-water slurries; instability of some coal-wa­
ter slurries and lack of data for slurries. Thus, it would 
prove helpful in obtaining the rheological and settling data 
to determine the behavior of these slurries. Also no work 
has been done on the rheology of hot water dried coal. Hot 
water dried coal can be used for combustion in boilers. 
Therefore, obtaining the rheological and settling data is a 
major step in the utilization of low rank coals as a fuel.
Chapter IV




A Brookfield Rheolog viscometer with a thermosel was used 
to obtain the shear stress-shear rate data for coal-water 
slurries at constant temperature. The Brookfield thermosel 
system permits rheological measurements up to 260 C with ±1% 
reproducibility. Specifications for this viscometer and its 
related accessories are given in Appendix A.
The Brookfield Rheolog viscometer is a co-axial cylinder 
geometry type viscometer with a moving spindle and a sta­
tionary cup. It facilitates the use of small volume of sam­
ples. The sample chamber holds 12 ml of liquid which is 
sheared by a rotating cylindrical spindle at speeds of 100, 
50, 20, 10, 5, 2.5, 1.0 and 0.5 rpm. The rotating spindle 
also acts as a built-in stirring device.
The experimental setup consisted of the Brookfield Rheo­
log viscometer, a proportional temperature controller and a 
pressure transducer to convert the torque values to electri­
cal voltage. The system outputs a continuous voltage signal
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which is proportional to the torque. A pneumatic/electronic 
system rotates the spindle at constant speed by means of a 
synchronous motor through a calibrated spring. The Rheolog 
viscometer is supplied with compressed air at a pressure of 
20 psig to measure torque. A back-sensing fluidic flapper 
nozzle arrangement in the viscometer converts the spring 
torque linearly to air pressure. The changes in air pres­
sure due to changes in torque are converted to electrical 
voltage in the range of 0-10 mv by a pressure transducer. 
This output voltage is either observed on a digital voltme­
ter and/or recorded on a strip chart recorder which produces 
a full scale deflection at 10 mv.
4.1.2 Types of Coal Used and Preparation of Slurry
The coal used in the preparation of the coal-water slurry 
was a Sarpy Creek subbituminous coal from Montana. The 
slurry was prepared by mixing the coal with deionized dis­
tilled water in the required proportions. The as received 
coal was pulverized and sieved into the required particle 
sizes and stored in airtight plastic bottles. The hot watdr 
dried coal samples were prepared by and obtained from A. Jo­
seph (2 1 ). The hot water dried coal was processed at 311 C. 
All coal samples were analyzed for moisture and ash content 
before preparing the slurries by the methods as specified by 
the American Society for Testing and Materials (ASTM) proce­
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dures D3174 and D3173 respectively (2j8) . The average mois­




Type of Moisture Ash
Coal Content, Content,
wt. % wt. %
As received coal 29.5 16.8
Hot water dried coal 13.2 12.6
To observe the effect of particle size on the rheological 
behavior of coal-water slurries, experiments were carried 
out with slurries prepared with 0.223 mm, 0.0635 mm, and
0.044 mm mean particle diameter coal samples. The mean par­
ticle diameter corresponding to the U.S. standard mesh size 
used are given in Table 2.
The coal-water slurry was prepared by mixing a known 
amount of the coal with a known weight of water. The mix­
ture was stirred until the solids were uniformly distribut­
ed. The solids loading of the slurry was reported as the 









-50 by +100 0.223
-200 by +270 0.0635
-325 0.044
4.1.3 Experimental procedure
1. All experiments were carried out 28 C.
2. 15 ml of coal-water slurry was prepared with a known 
solids loading.
3. The spindles Sc-21 and Sc-28 with diameters of 1.676 
cm and 0.469 cm respectively were used on the Brook­
field viscometer. For solid loading greater than 30 
wt% spindle Sc-28 was used and for concentrations 
less than 30 wt% spindle Sc-21 was used. 12 ml of 
slurry was required when spindle Sc-28 was used and 8 
ml when spindle Sc-21 was used. Thus, depending on 
the spindle being used 8-12 ml of the slurry sample 
was transferred into the clean and dry sample cham­
ber. The thermocontainer was cleaned and the temper­
ature controller was set 8-10 C below the desired set 
temperature of 28 C. The deviation meter on the 
temperature controller was allowed to deflect full
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scale to the the right, and then the temperature con­
troller was set at the desired set temperature of 28 
C.
4. When the thermocontainer attained the desired temper­
ature the viscometer was raised to the highest level 
on its stand and with the help of an extracting tool 
the loaded sample chamber was placed into the thermo­
container and locked in place by turning it to the 
right.
5. The viscometer and the thermocontainer were then le­
velled and the spindle was coupled to the viscometer.
6. The inlet air pressure was now adjusted to 20 psig 
with the help of a pressure gauge.
7. The viscometer was lowered so that the spindle was 
well within the thermocontainer and the alignment 
bracket just touched the locating ring on top of the 
thermocontainer. Alignment of the spindle is impor­
tant as otherwise it would result in erroneous read­
ings .
8. After the spindle was aligned, an insulating cap was 
placed on top of the sample chamber so that the whole 
system was capped and thermally insulated. The spin­
dle was checked to see if it was centered in the mid­
dle of the hole of the insulating cap.
9. The knob on the viscometer was set at the highest 
speed, 100 rpm, and the equipment was turned on. The
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spindle served as a stirrer and helped the sample 
reach thermal equilibrium quickly. It also helped 
the solids stay in suspension.
10. The millivolt reading from the digital voltmeter was 
noted for this spindle speed. All observations were 
made when the system was in thermal equilibrium and 
the millivolt reading had stabilized. If the milli­
volt reading was increasing continuously instead of 
remaining constant, it meant that the solids were 
settling down. In that case the viscometer was 
turned off. The slurry in the sample chamber was 
then stirred with the help of a glass rod, and the 
viscometer was turned on again.
11. The spindle speed was then changed to a different rpm 
and the voltage reading observed. The spindle speed 
was varied from 0 to 100 rpm and the corresponding 
voltage readings observed.
Reproducibility of the experimental data was determined 
by repeating each run 3 times. The results from these rep­
lications showed that they were in agreement with each oth­
er .
The calibration of the viscometer was checked frequently 
by using a Newtonian standard S2000 supplied by the Cannon 
Instrument Company.
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4.2 MEASUREMENT OF SETTLING RATE
4.2.1 Description of the apparatus
The sedimentation apparatus designed, fabricated and set 
up for the measurement of settling rate of coal-water slur­
ries, was a modified version of a device developed by W.J. 
Kelly ( 2 9 ). A sketch of the sedimentation apparatus is 
shown in Figure 3. It consists of two main parts, the sedi­
mentation tube and the inclined tube.
The sedimentation tube is made of clear plexiglass with 
an inside diameter of 3.29 cm and a length of 30.8 cm. 
Plexiglass was chosen as the material of construction be­
cause it is transparent allowing observation of the settling 
process and also because it has good machining characteris­
tics which permits easy fixing of side tubes.
The inclined capillary tube is 35.72 cm long and its di­
ameter is 0.2 cm. The capillary tube is connected to the 
mid point of the sedimentation tube by a flexible plastic 
tubing.
The operating principle of the apparatus depends on the 
fact that the solids in a suspension are specifically heavi­
er than the medium. The arrangement and working of the sed­
imentation apparatus is similar to that of a manometer. 
Hence, if a suspension is placed in the sedimentation tube 
and the suspending medium in the inclined capillary tube,
30
Sedimentation tube
Figure 3s Settling Apparatus.
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the latter will stand at a higher level, because the density 
of the slurry in the sedimentation tube is greater than the 
suspending medium. As the solids settle down the suspen- 
sion/slurry becomes lighter and the difference in the level 
between the two arms of the apparatus decreases. Knowing 
the rate at which the difference in the levels decreases, 
the rate of settling can be determined.
4.2.2 Experimental Procedure
The sedimentation tube and the inclined capillary were 
cleaned with soap and water, and then thoroughly rinsed with 
water. The angle of the inclined capillary tube was adjust­
ed to 30-4°. The whole sedimentation tube was filled with 
water to a level which is such that the meniscus in the in­
clined capillary tube was at the lower end of the horizontal 
portion. The height of the water column in the sedimenta­
tion tube was then measured from the entrance of the side 
tube. The stop cock at the upper and lower end of the side 
tube were closed to hold the water in the capillary tube and 
the plastic tubing. The sedimentation tube was emptied 
through a drain tube at the bottom of the sedimentation 
tube. The coal-water slurry of known density was then 
poured into the sedimentation tube up to the same level 
where the water stood. The stop cocks at the upper and low­
er end of the side tube were opened and the scale reading on 
the capillary tube was taken at various intervals of time
32
upto a maximum time of 200 minutes. After about five read­
ings were taken, the five values are extrapolated for the 
zero time reading on the capillary tube by plotting observa­
tion against time on normal coordinates.
Chapter V
EXPERIMENTAL RUNS
5.1 CALIBRATION OF VISCOMETER
The viscometer was calibrated at 28 C using 11.5 ml of 
the standard S2000 Newtonian oil whose viscosity is 5000 cp 
at 28 C. Millivolt readings were noted for various rpms of 
the viscometer spindle. Shear stress and shear rate were 
calculated from these data. Table 3 lists the values of 
millivolt reading, torque, shear stress and shear rate for 
the Newtonian standard. The relationships between the spin­
dle rpm and shear rate and torque and shear stress are given 
in Appendix B.
Shear stress was plotted as a function of shear rate in 
Figure 4 for the Newtonian standard. A linear least square 
regression line was fitted to the data points. The computer 
program used for this purpose is given in Appendix C. The 
coefficient of correlation was determined to be 0.98. The 
slope of this line is the viscosity of the standard oil 
S2000, as measured by the viscometer.
The ratio of actual viscosity to experimentally measured 



















100 8.4 6065.8 1380.0 28.0
50 4.32 3104.8 708.0 14
20 1.83 1315.2 300.6 5.6
10 0.95 693.5 158.1 2.8
5 0.473 333.9 77.5 1.4
2.5 0.23 161.7 37.0 0.7
1.0 0.09 64.6 14.7 0.28













Figure 4: Calibration of Rheolog Viscometer
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the later runs. The calibration factor is used in calculat­
ing the actual torque generated when the fluid is sheared in 
the viscometer. Thus, the observed millivolt reading is 
multiplied by the calibration factor to obtain the corrected 
value. The calibration factor varied between 0.8 and 0.9. 
This variation may be due to the wear and tear of the appa­
ratus, voltage fluctuations, etc.
5.2 EXPERIMENTAL RUNS
Experiments were performed to study the effect of coal 
particle size, solids concentration and hot water drying 
process on the rheological and settling rate properties of 
the coal-water slurries. Details of the various experimen­
tal runs conducted for the rheological and settling rate de­
terminations are given in Table 4 and 5 respectively, for 
slurries prepared from as received and hot water dried 
coals. The method of calculations for shear stress and 
shear rate for the rheological data is given in Appendix B, 
and for the settling rate in Appendix D. Computer programs 
REOGRM and SETT used to calculate the various parameters for 
the rheogram and settling characteristics respectively, are 













1 as received 0.223 15
2 as received 0.223 30
3 as received 0.223 40
4 as received 0.223 50
5 as received 0.223 55
6 as received 0.223 60
7 as received 0.223 65
8 as received 0.0635 15
9 as received 0.0635 30
10 as received 0.0635 40
11 as received 0.0635 45
12 as received 0.0635 50
13 as received 0.0635 55
14 as received 0.044 15
15 as received 0.044 30
16 as received 0.044 40
17 as received 0.044 45
18 as received 0.044 50
19 as received 0.044 55
20 hot water dried 0.223 15
21 hot water dried 0.223 30
22 hot water dried 0.223 40
23 hot water dried 0.223 45
24 hot water dried 0.223 50
25 hot water dried 0.0635 15
26 hot water dried 0.0635 30
27 hot water dried 0.0635 40
28 hot water dried 0.0635 45
29 hot water dried 0.0635 50
30 hot water dried 0.044 15
31 hot water dried 0.044 30
32 hot water dried 0.044 40
33 hot water dried 0.044 45













35 as received 0.223 10
36 as received 0.223 20
37 as received 0.223 30
38 as received 0.223 40
39 as received 0.223 60
40 as received 0.0635 10
41 as received 0.0635 20
42 as received 0.0635 30
43 as received 0.0635 40
44 as received 0.044 10
45 as received 0.044 20
46 as received 0.044 30
47 hot water dried 0.223 10
48 hot water dried 0.223 20
49 hot water dried 0.223 30
50 hot water dried 0.0635 10
51 hot water dried 0.0635 20
52 hot water dried 0.0635 30
53 hot water dried 0.044 10
54 hot water dried 0.044 20
55 hot water dried 0.044 30
Chapter VI
RESULTS AND DISCUSSION
6.1 RHEOLOGICAL BEHAVIOR OF COAL-WATER SLURRIES
6.1.1 Effect of solid concentration
Runs 1 to 19 were conducted to determine the effect of 
solid concentration on the rheological behavior of as re­
ceived coal-water slurries, and runs 20 to 34 for similar 
determinations for hot water dried coal-water slurries at a 
constant temperature of 28 C. Non-Newtonian behavior was 
encountered for all slurries for the solid concentrations 
studied. The shear stress-shear rate values obtained for 
these slurries for the various particle sizes and solid con­
centrations for the as received coal are tabulated in Tables 
5 to 8 in Appendix G, and for hot water dried coal in Tables 
9 to 14 in Appendix G. Figures 5 to 8 are the plots on nor­
mal coordinates, of shear stress versus shear rate as a 
function of solid concentration for various particle sizes 
for as received coal-water slurries. Figures 9 to 12 are 
similar plots for hot water dried coal-water slurries. The 
shear stress-shear rate plots exhibit pseudoplastic or shear 
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6: Effect of Solid Cone, on Shear Stress as a
Function of Shear Rate for Slurry Containing














Figure 7 Effect of Solid Cone, on Shear Stress as a
Function of Shear Rate for Slurry Containing
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10: Effect of Solid Cone, on Shear Stress as a Function of
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Figure 11: Effect of Solid Cone, on Shear Stress as a
Function of Shear Rate for Slurry Containing 
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igure 12: Effect of Solid Cone, on Shear Stress as a
Function of Shear Rate for Slurry Containing
0.044 mm Mean Particle Diameter Hot Water Dried Coal.
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from these graphs that shear stress increases with solids 
loading for a constant shear rate.
If the continuous phase is a Newtonian fluid, the behav­
ior of the suspension is generally Newtonian for relatively 
small concentrations of solid particles. After a certain 
value of the solid concentration is exceeded, the behavior 
of the suspension becomes non-Newtonian (2_1) . The non-New­
tonian behavior of the suspensions at higher solid concen­
trations is primarily due to particle interactions of a hy­
drodynamic nature. This interaction leads to flocculation 
which in turn leads to formation of aggregates. The solid 
concentration when the behavior of the suspension changes 
from Newtonian to non-Newtonian, depends on the nature, form 
and dimensions of the solid particles (21). Moreland (8) 
reported the onset of non-Newtonian behavior for coal-miner­
al oil suspensions to be 29% by volume.
Jinescu (_7) observed that, generally all slurries of con­
centration less than 25 wt% solids concentration, exhibit a 
Newtonian behavior. But, for coal-water slurries no limit­
ing Newtonian behavior was evident in this study. The shear 
thinning character of the slurry was observed at all solid 
concentrations. This is in agreement with the observations 
of Ward and Whitmore (2J3) who conducted experiments on 
coal-water slurries. They noticed no effect of the medium 
on the behavior of coal-water slurries even at low solid
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concentrations. Chong, Christiansen and Baer (.29) observed 
that an increase in solids concentration increased the shear 
thinning character of the slurry, and the shear stress in­
creased with increase in solids loading of the slurry at 
constant shear rate. This is consistent with what was ob­
served in this work.
In order to determine whether coal-water slurries obeyed 
the power law model as represented by Equation 2.3, log-log 
plots of shear stress versus shear rate were made in Figures 
13 to 15 as a function of solid concentration for various 
particle sizes for the as received coal-water slurries. 
Figures 16 to 18 are similar logarithmic plots for hot water 
dried coal-water slurries. All plots yielded straight lines 
indicating that the power law model was obeyed. The coeffi­
cient of correlation for the least square fit of these lines 
varied from 0.95 to 0.999. The coefficients 'a' and 'b' for 
the power law model are shown in Tables 15 and 16 in Appen­
dix G for slurries of varying particle size and varying sol­
id concentration of as received coal-water slurries and hot 
water dried coal-water slurries respectively.
The coefficient 'a' increased with increase in solids 
concentration for both as received coal-water slurries and 
hot water dried coal-water slurries. Increase in coeffi­
cient 'a' indicates an increase in the shear stress for a 
given shear rate. The exponent 'b' did not show any defi­














Figure 13: Power Law Model Fit for Shear Stress-Shear Rate















Figure 14: Power Law Model Fit for Shear Stress-Shear Rate
















Figure 15: Power Law Model Fit for Shear Stress-Shear Rate 




F'igure 16: Power Law Model Fit for Shear Stress-Shear Rate
Data of 0.223 msn Mean Particle Diameter Hot
Water Dried Coal-Water Slurry.
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Shear Rate, 1/sec
Figure 17: Power Law Model Fit for Shear Stress-Shear Rate
Data of 0.0635 mm Mean Particle Diameter Hot
Water Dried Coal-Water Slurry
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Figure 18: Power Law Model Fit for Shear Stress-Shear Rate
Data of 0.044 mm Mean Particle Diameter Hot
Water Dried Coal-Water Slurry
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solid concentration or particle size. This indicates that 
the slopes of the lines on the logarithmic plots of Figures 
13 to 18 are almost same or that the lines are almost paral­
lel. The Power law parameter 'a' is plotted as a function 
of solid concentration in Figures 40 and 41 in Appendix G 
for as received coal-water slurry and hot water dried coal- 
water slurry respectively. Particle size has no definite 
effect on this parameter.
6.1.2 Effect of shear rate on apparent viscosity
The apparent viscosity is tabulated as a function of 
shear rate for various concentrations of as received coal- 
water slurries in Tables 17 to 21 in Appendix G, and for hot 
water dried coal-water slurries in Tables 22 to 25 in Appen­
dix G for varying particle sizes. The apparent viscosity is 
plotted as a function of shear rate on logarithmic coordi­
nates in Figures 19 to 22 for varying solids loading and 
varying particle sizes for the as received coal-water slur­
ries, and in Figures 23 to 25 for hot water dried coal-water 
slurries. The apparent viscosity decreased linearly with an 
increase in shear rate on logarithmic plot for all slurries. 
If the slurry obeys the power law model (Equation 2.3), then 
apparent viscosity will obey Equation 2.4. Hence, when log 
apparent viscosity is plotted as function of log shear rate, 
a straight line should result with a slope equal to 'b-1' 
and a Y-intercept of 'a'.
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Figure 19: Effect of Shear Rate on Apparent Viscosity for
Slurry Containing 0.223 mm Mean Particle
Diameter As Received Coal.
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Shear fete, l/sec.
Figure 20: Effect of Shear Rate on Apparent Viscosity for
Slurry Containing 0.223 mm Mean Particle
Diameter As Received Coal.
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Figure 21: Effect of Shear Rate on Apparent Viscosity for
Slurry Containing 0.0635 mm Mean Particle
Diameter As Received Coal.
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Shear Rate, 1/sec
Figure 22■ Effect of Shear Rate on Apparent Viscosity for
Slurry containing 0.044 mm Mean Particle















Figure 23: Effect of Shear Rate on Apparent Viscosity for
Slurry Containing 0.223 mm Mean Particle Diameter 































Figure 24: Effect of Shear Rate on Apparent Viscosity for
Slurry Containing 0.0.0635 nun Mean Particle
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Figure 25: Effect of Shear Rate on Apparent Viscosity for
Slurry Containing 0.044 mm Mean Particle
Hot Water Dried Coal.
64
Vladimir (3_1) ascribed the decrease in apparent viscosity 
at higher shear rates to the presence of agglomerates in the 
slurry which break up into smaller groups or clusters. With 
an increase in shear rate, the disintegeration of agglomer­
ates increases until they are separated into smaller groups, 
sometimes even into single particles. This disintegration 
may be attributed to the higher shear stresses in the bulk 
of the suspension which ultimately overcome the forces that 
maintain the agglomerates together. Jinescu (7) reported 
that at extremely high shear rates apparent viscosity will 
tend to approach an asymptotic value as the internal struc­
ture of the slurry stabilizes.
There is an increase in apparent viscosity at high shear 
rates for slurry concentrations greater than 40-45 wt%.
This may be due to the fact that at this solid loading fric­
tional forces of particles become significant, and thus, the 
accompanying resistance to shear is reflected in this in­
crease in apparent viscosity. Ting and Leubers (32) postu­
lated that this sharp increase in apparent viscosity was due 
to occlusion of the fluid in the solid structure.
6.1.3 Effect of particle size on apparent viscosity
The rheological behavior of coal-water slurries was seen 
to be a function of solid particle size, for both as re­
ceived coal-water slurries and hot water dried coal-water
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slurries. Slurries of three different particle sizes of 
coal were investigated in this study. They were 0.223, 
0.0635, and 0.044 mm mean particle diameters.
Figures 26 to 29 illustrate apparent viscosity as a func­
tion of shear rate on logarithmic coordinates for various 
particle sizes at various solid concentrations for as re­
ceived coal-water slurries. It was observed that at low 
solid concentrations, apparent viscosity decreased with de­
crease in particle size. But, at higher concentrations ap­
parent viscosity increased with decrease in particle size. 
The transition was seen to occur at 30 wt% solid concentra­
tion, when slurries prepared with 0.0635 mm particles showed 
higher apparent viscosity than slurries prepared with 0.223 
mm mean particle diameter. Thus, in Figure 26, it is seen 
that at 15 wt% solids loading apparent viscosity decreased 
with decrease in particle size, where as in Figure 29, ap­
parent viscosity increased with decrease in particle size 
for a solids loading of 50 wt%.
Particle dimensions affect the rheological behavior of 
suspensions/slurries due to the existence of shear rate in 
the fluid stream which induces particle rotation. This ef­
fect will increase with particle size. The rotation of par­
ticles under the effect of shear rate, increases the fre­
quency of particle contact and this results in an increase 
of apparent viscosity of the suspension. For smaller diame­

























Figure 26: Effect of Particle Size on App. Viscosity
















Figure 27: Effect of Particle Size on App. Viscosity
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Figure 28: Effect of Particle Size on App. Viscosity




























Figure 29: Effect of Particle Size on App. Viscosity
for Slurry Containing 50% Solids using As
Received Coal.
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larger diameters. Additional surface effects are associated 
with particles whose dimensions are small and induce an in­
crease in apparent viscosity and in non-Newtonian behavior. 
It follows that apparent viscosity will decrease with an in­
crease in particle diameter for smaller particles. For 
larger particles the apparent viscosity of suspensions will 
increase with particle diameter at small solid concentra­
tions, since the lateral displacement of particles brings 
about an increase in the energy dissipated.
Shaheen (33) has reported that for concentrated silica 
suspensions, apparent viscosity increased with an increase 
in particle size. Sweeney and Geckler (34̂ ) also reported 
that apparent viscosity of glass beads in a suspending medi­
um of zinc bromide in aqueous glycerol, showed a similar be­
havior, viz, apparent viscosity increased with increase in 
particle size.
From Figures 26 to 29, it is seen that for coal-water 
slurries greater than or equal to 15 wt% solids concentra­
tion, apparent viscosity is dependent on particle size. Ul- 
brecht and Ryan (19) reported that for slurries with greater 
than 15 wt% solids loading and at high shear rates, apparent 
viscosity increased with decrease in particle size.
These Figures show that the results of this study are in 
agreement with Ulbrecht and Ryan's conclusions and disagree 
with Shaheen and Sweeney-Gecklers conclusions.
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6.1.4 Effect of hot water drying on apparent viscosity
The comparision of the shear stress-shear rate plots for 
hot water dried and original coal-water slurries is shown in 
Figures 30 to 35 for three particle sizes and two solid con­
centrations, 15 and 50 wt%. It can be observed from these 
graphs that shear stress for hot water dried coal-water 
slurries is always less than that for as received coal-water 
slurries at constant shear rate. This is true for all solid 
loadings and all particle sizes studied. Since apparent 
viscosity is the ratio of shear stress to shear rate, appar­
ent viscosity also is less for hot water dried coal-water 
slurries as compared to as received coal-water slurries for 
constant shear rate. This decrease in apparent viscosity of 
hot water dried coal-water slurries may be due to some sur­
face modifications which occur when coal is treated at high 
temperature and pressure (4). No data has ever been pub­
lished regarding the effect of hot water drying on the rheo­
logical behavior of coal-water slurries.
6.2 SEDIMENTATION RATE OF COAL-WATER SLURRIES
6.2.1 Effect of Slurry Concentration on Settling Rate
When a homogenous mixture of solid particles and a fluid 
is allowed to stand in a container, the particles settle out 
under gravity at a rate which depends on their size, shape, 
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Figure 30: Effect of Hot Water Drying on Shear Stress-Shear
Rate Graph for Slurry Containing 15% Solid of










_ j --------------------------------------------------------------------------------------1--------------------- 1
1.0 10.0 100.0
Shear Rate, l/sec
Figure 31: Effect of Hot Water Drying on Shear Stress-Shear
Rate Graph for Slurry Containing 50% Solid of












Figure 32: Effect of Hot Water Drying on Shear Stress-Shear
Rate Graph for Slurry Containing 15% Solid of
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Figure 33: Effect of Hot Water Drying on Shear Stress-Shear
Rate Graph for Slurry Containing 50% Solid of

























Figure 34: Effect of Hot Water Drying on Shear Stress-Shear
Rate Graph for Slurry Containing 15% Solid of

















0.1 1.0  10.0 100.0
Shear Rate, l/sec
Figure 3 5 . Effect of Hot Water Drying on Shear Stress-Shear
Rate Graph for Slurry Containing 50% Solid of
0.044 mm Mean Particle Diameter.
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and suspending medium. The dependence on concentration 
arises from the interaction between particles exerted by 
means of the velocity distribution generated in the fluid 
surrounding each moving particle. The mean rate of fall of 
a particle is proportional to the density difference and is 
primarily a function of the volume fraction of the parti­
cles. The dependence on volume fraction can be explained by 
the downward movement of particle which causes an equal 
volumetric flow rate of displaced fluid relative to which 
the particles move. Furthermore, for a given apparent vi- 
cosity, the average velocity gradients and hence the shear 
stress will be greater in concentrated suspensions. If par­
ticles are all uniform, they will settle with equal veloci­
ties, apart from small statistical variations and therefore, 
will be very few inter particle collisions or near colli­
sions .
Runs 35 to 55 were conducted for determining the effect 
of solids concentration on settling rate of coal-water slur­
ries. It was not possible to increase the solids concentra­
tion above 60 wt% for 0.223 mm particle size because the 
slurry was unpourable. For solid concentrations greater 
than 40 wt% for 0.0635 mm mean particle diameter and 30 wt% 
for 0.044 mm mean particle diameter, it was seen that the 
slurry was entering the side tube and disrupting the set­
tling phenomenon. This is probably due to the concentration 
gradient between the slurry in the settling tube and the
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pure water in the side tube. The effect of solid concentra­
tion on the settling rate is studied for as received coal- 
water slurries by plotting the percent solids settled versus 
settling time in Figures 36 to 38. It is seen that settling 
rate decreases with an increase in solids concentration of 
the slurries.
6.2.2 Effect of Particle size on Settling rate
The settling phenomenon can be explained by Stokes law, 
which shows that
Settling velocity Diameter of Solid particle.
It is seen from equation 6.1, that particles of larger diam­
eter settle faster than the smaller diameter particles. In 
this study it was assumed that all particles are spherical 
in shape, thus eliminating the shape parameter. It was ex­
pected that coal-water slurries also would exhibit similar 
behavior, inspite the complex nature of coal.
The 0.223 mm mean diameter particles settled faster than 
the 0.0635 mm and 0.044 mm mean particle diameter particles 
which were more buoyant. For concentrations greater than 40 
wt% for 0.044mm particles there was negligible settling for 
over 200 minutes. The percent solid settled as a function 
of time is plotted in Figure 33 to 35 for as received coal- 










Effect of Solid Concentration on Percent Solid 
Settled as a Function of Time for Slurry 











Figure 36: Effect of Solid Concentration on Percent Solid 
Settled as a Function of Time for Slurry 











Figure 37: Effect of Solid Cone, on Percent Solid Settled
as a Function of Time for Slurry Containing










Effect of Solid Concentration on Percent Solid 
Settled as a Function of Time for Slurry 
Containing .0635 mm As Received Coal
Figure 38:
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show the effect of particle size size on percent settling. 
The settling rate of solids decreased with decrease in par­
ticle size for all particle sizes studied.
6.3 EFFECT OF HOT WATER DRYING PROCESS ON SEDIMENTATION 
RATE
Slurries prepared with hot water dried coal were more 
stable than slurries prepared with as received coal. There 
was no appreciable settling observed for hot water dried 
coal-whter slurries. Figure 39 shows reading of the sedi­
mentation apparatus plotted against time for hot water dried 
coal-water slurries for three particle sizes. There was 
very little variation in the observation for over three 
hours of settling time, thus showing negligible settling for 
all three particle sizes studied. This shows that hot water 
drying increases the stability of coal-water slurries. Ba- 
ria, Mass, and Paulson (4) reported from visual observation 
that a stable slurry was formed when the Indian head lignite 
with particle size of 0.256 mm was hot water dried, where as 
the slurry obtained from Velva lignite using 0.256 mm parti­
cles settled very quickly after hot water drying. This in­
dicates that settling characteristics of hot water dried 
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Figure 39: Effect of Hot Water Drying on Settling Rate of 
Coal-Water Slurries containing 15% Solids.
Chapter VII
CONCLUSIONS AND RECOMMENDATIONS 
7.1 CONCLUSIONS
From the results obtained in this study the following 
conclusions were drawn for both hot water dried and as re­
ceived coal-water slurries.
1. Coal-water slurries prepared with subbituminous Sarpy 
Creek coal exhibited a pseudoplastic behavior with no 
yield stress.
2. Apparent viscosity of coal-water slurries increased 
with increase in solids concentration.
3. Apparent viscosity of coal-water slurries decreased 
with increase in shear rate.
4. Hot water drying reduced the apparent viscosity of 
coal-water slurries for constant shear rate.
5. For lower solids concentration apparent viscosity in­
creased with increase in particle size, and for high­
er concentration apparent viscosity decreased with 
increase in particle size.
6. The non-Newtonian shear dependency of coal-water 
slurries could be represented by the power law model.
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7. The power law coefficient 'a' increased with increase 
in solids concentration. There was no correlation 
between the power law exponent 'b' and the solids 
loading of the slurry. With increase in particle 
size the power law coefficient showed a decrease in 
its value.
8. Settling rate of subbituminous coal-water slurries 
was dependent on both solids concentration and parti­
cle size. It decreased with increase in solids con­
centration and increased with an increase in particle 
size.
9. Hot water dried coal-water slurries were more stable 
compared to as received coal-water slurries, and 
showed negligible settling.
7.2 RECOMMENDATIONS
The present study was done to determine the effect of 
solids concentration, particle size, shear rate and hot wa­
ter drying on the behavior of coal-water slurries.
It would be of interest and importance to investigate the 
rheology of coal-water slurries with additives to enhance 
its stability. The effect of temperature, various addi­
tives, aging, and additives concentration on apparent vis­
cosity would constitute a major part of a future study. 
Particular attention should be given to additives which re­
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duce the apparent viscosity of the slurry, as this would 
help in the utilization of coal-water slurries as a boiler 
f uel.
An interesting aspect to be looked into is the time de­
pendency of rheological properties of the slurry, that is, 
whether the slurry is thixotropic or rheopectic in nature.
Another area to be studied is the preparation of coal-wa­
ter slurries by means of bi-modal particle size distribu­
tions. It is believed that bi-modal suspensions are more 
stable and thus are more fluid and exhibit appreciably low 









Brookfield engineering laboratory, Inc., Stoughton, MA, USA. 
Name of the instrument and model;
Brookfield Rheolog viscometer. Model RVT with speeds 100, 
50, 20, 10, 5, 2.5, 1 and 0.5 RPM. Spindles: Sc-21 and 
Sc-28.
Specifications:
Full scale torque: 7187 dynes/cm2. Viscometer accurate to 
within ±1% of full scale torque when centered.
Description:
The Brookfield Rheolog is a laboratory instrument designed 
to give continuous indicating/recording of viscosity. It is 
built on the same principle as the Brookfield synchro-elec­
tric viscometer and provides direct viscosity reading in 
centipoise for Newtonian fluids. Combinations of spindle 
speeds provide measurement over a wide range of viscosities. 
All Brookfield accessories can be used with the Rheolog.
The Rheolog can also be made with cone and plate geometry 
similar to the Wells Brookfield Micro Viscometer.
TEMPERATURE CONTROLLER
Manufacturers:
Brookfield Engineering Laboratories, Stoughton, MA, USA. 
Model: 63-A.
Lower limit of precise control:
20 F above ambient temperature.
91
Upper limit of precise control: 500 F.
Description;
The proportional temperature controller is designed to main­
tain an accurate, non-fluctuating temperature of the elec­
trically heated thermocontainer. Temperature is measured by 
a platinum resistance detector (RTD) and the power to the 
electrical heating element is smoothly regulated by the con­
troller to the level necessary to maintain this temperature.
Temperature is set by a set point dial on the front of 
the instrument. As set point temperature is approached, 
power is reduced to a level which will sustain this tempera­
ture. If set point dial is rotated up or down, the control­
ler will supply increased or reduced power to bring the 
temperature of the platinum sensor to the new control point.
The proportional band adjustment determines the sensitiv­
ity of the unit. At minimum proportional band setting, the 
gain of the controller is maximum and output power will be 
controlled between 0 and 30%, as a result of approximately a 
1 C temperature deviation. With wide proportional band set­
ting this change will occur as a result of approximately a 
10 F temperature deviation.
OMNISCRIBE RECORDER
Manufacturers:
Houston Instrument, Austin, Texas.
Model: B-5000 Omniscribe, B5217-1.
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Specifications:
Fused and wired for 115V; 50/60 Hz +10%.
1 P e n-- 3/4 A
2 P e n-- 1 A
Description;
The Houston Instrument series B-5000 Omniscribe recorder is 
a rugged and compact strip chart recorder. Operationally 
the Omniscribe recorder is a potentiometric servo system 
utilizing an interchangeable input preamplifier, servoampli- 
fier, positioning motor and a feedback transducer to control 
pen position and feedback for the pen axis. Chart movement 
is derived from a stepper motor that is driven from a preci­
sion built in oscillator that is independent of power line 
frequency and offers the advantage of easy field adjustment 
to metric or English units.
PRESSURE TRANSDUCER
Manufacturer:
Ametek controls division, Feasterville, PA.
Model No.: G.34-2.34 B22X229.
Input pressure limit; 2.34 psig.
Output: 0 - 1 0  MVDC.
Power: 115 V; 60 Hz. Fuse 0.10 A.
Description:
The Ametek model 92 pressure to electronic signal converter 
is designed to accurately convert pneumatic or hydraulic
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pressures over a wide variety of ranges to voltage or cur­
rent output signals. Standard features <5f Model 92 include 
ranges form 0-1 psi and 0-3000 psi having voltage or current 
output with AC or DC voltage inputs.
Appendix B
CALCULATION OF SHEAR RATE AND SHEAR STRESS
94
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For all types of rotational viscometers based on the use 
of a rotating spindle in a stationary cup, the shear stress 
for both Newtonian and non-Newtonian fluids is given by;
w = (2 * Torque)/(3.1416 * Ds^ * Ls) (B.l)
where w = shear stress at wall of the spindle, dynes/cm^
Ds = spindle diameter, cm 
Ls = spindle length, cm
Torque = T = 718.7 * millivolt reading * calibration 
factor, dyne-cm
The Brookfield manufacturing company supplies the user 
with the values of full scale torque, Ds, and Ls. The shear 
rate at the spindle wall in a rotational viscometer is a 
function of shear stress, and for a Newtonian fluid is given 
by the relationship
shear rate = spindle factor * rpm. (B.2)
The spindle factor is obtained from the manufacturers bro­
chure. The spindle factors for the Sc-21 and Sc-28 spindle 
are 0.93N and 0.28N respectively.
For a non-Newtonian fluid, shear rate can be expressed as 
an infinite series (3̂ 5,36), 3J7,_38) . A simplified expression 
of the infinite series is,
00
R = (4 * 3.1416) £  (N/n)T5-ai (B.3)
i=0
where R = shear rate at the wall of the spindle, sec"l
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N = spidle rotational speed in RPM or RPS 
n = d log(torque)/d log(N)
= slope of log torque Vs log RPM plot 
s = ratio of radius of cup to radius of spindle 
i = dummy summation variable 
On expanding the equation
R = (4 * 3.1416) |((N/n)T + (N/n)TS-r+ (N/n)^ + ....)| (B>4)
For a fluid which fits the power law model, the equation 
reduces to,
R = (4 * 3.1416/n) ( (N^ + (N)t5i +...... ) (B.5)
as 'n' is constant. To obtain 'n' a log-log plot of torque 
vs RPM is required. When s)>>1, than the equation further 
simplifies to
R = (4 * 3.1416 * N)/(n) ( B. 6 )
as the other terms in the equation tend to zero as s tends 
to infinity.
The parameter yield stress was also evaluated. Extrapo­
lating the graph for millivolt reading and RPM at N=0, does 
not give the correct result. Yield values can be obtained 
directly from the viscometer, by rotating the spindle at the 
lowest speed and allowing the reading to stabilize and then 
switching off the instrument. The torque will decrease to a 
constant, non-zero value if the fluid has a yield stress.
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In this study, the indicator showed a zero value. This 
shows that coal-water slurries do not have any yield stress.
Appendix C
CALCULATION OF SETTLING RATE
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In the sedimentation apparatus shown in Figure 3 the dif­
ference in level, 'q', in the two arms is given by the equa­
tion
q = (Dh/d) - h (C.l)
where h = height of the suspension, cm 
D = density of suspension, gms/.ml 
d = density of the suspending medium, gms/ml 
In the case of very dilute suspensions 'q' is small. Since 
the side tube is bent over, the apparent value of 'q' is in­
creased considerably and measured in terms of the liquid 
column in the horizontal part of the side tube. If this 
length is 'L', then
q = L sin(j) (C.2)
where 'j' is the angle which the side tube makes with the 
horizontal.
In order to calculate the weight of the material which 
settles past the side tube, the density of the suspension D,
has to be known in terms of the medium and the specific
gravity of the suspended material. Thus
D = (Vd - vd + w)/V 3 )
where V = volume in the sedimentation tube above the side 
tube, ml
v = volume of solid phase, ml 
w = weight of the solid phase, gms
1 0 0
Equation C.3 can be explained by writing it as
D = (d(V - v) + w)/V
Therefore,
D = H2O density(susp. vol. - solids vol.) + solid wt
D =
vol. of suspension
(density of f^o * vol. of H2O) + wt. of solids 
vol. of suspension





Now, if ‘S' is the density of the solid phase, then
S = w/v (C.4)
or
v = w/S (C.5)
Substituting this value of *v' in equation C.3
D = (Vd - (wd/s) + w)/(V) (C.6)
Substituting the value of 'D' from equation C.6 and value of 
'q' from equation C.2 in equation in C.l, you get
L sin(j) = (h/d) * ((SVd - wd + ws)/(VS)) - (h) (C.7)
On simplification the value of 'w' can be written as
w = (dVSL * sin(j))/(h * (s - d)) (C . 8 )
1 0 1
In this equation, 'L' is the independent variable and 'w' 
is the dependent variable for any given experiment, and 
therefore the constants may be grouped and the equation C.8 
may be written as
w = (K * L) (C.8)
in which form it is easily used. The total weight of solid 
phase in the suspension being known, it is a simple matter 
to calculate the percentage which settles out in a given 
time. Using equation C.8 you get the amount of solids pres­
ent in suspension at any given time. To calculate the 
amount of solids settled at any given time the term 'L' in 
this equation is replaced by 'Z', which is the difference in 
observations at zero time and at any given time. Equation 
C.8 can now be rewritten as
ws = (K * Z)
where wg _ weight of solids settled.
In using this method, the actual length of the inclined 
capillary tube is immaterial provided it is long enough to 
take care of the recession due to settling. The zero point 
is taken at the upper end of the tube and the difference be­
tween this point and the position of the meniscus at any 
given time is taken as 'L'.
Sample Calculation for run 46:
Initial Reading : 20 cm 
Final Reading : 1.1 cm
Observation at zero time : 20 cm 
Observation at time = 10 mins: 19.9 cm 
h : 10 cm D : 1.2 gms/ml










Percent coal settled = 0.0704*100/13.309 = 0.531.
Appendix D
LEAST SQUARE REGRESSION FIT
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Computer Program 'REGRES' in FORTRAN to plot a least square 
regression line for the calibration data and also for other 
experimental results.
10 //REGRES JOB (9700030,UND),'RAO',CLASS=A,TIME=1
20 //STEP EXEC SAS
30 GOPTIONS DEVICE=TEK4006;
40 DATA HTWT;











160 TITLE 'Calibration curve';
170 PROC GPLOT;
180 PLOT STRESS*RATE;








Computer program 'REOGRM' in FORTRAN to convert the raw data 
in millivolts and RPM to Shear stress and Corrected Shear
rate. The program also performs linear regression and 
prints the coefficient of correlation.
10 DIMENSION G(100),S(100),T(100),R(100)
20 REAL M,MPL






90 DO 10 1=1,N
100 READ(5,*)T(I),R(l)






















































































































CORRPL=MPL*((XSQR-XSUM** 2/N)/(YSQR-YSUM** 2/N))**0.5 
WRITE(6,130)
WRITE(6, * ) M 
WRITE( 6 , * )CORR 
BPL=10**BPL 
WRITE(6,140)
WRITE(6 , * )MPL 
WRITE(6,*)BPL 
WRITE(6,150)








100 FORMAT(IX,'ENTER THE NO. DATA POINTS, CUP/SPINDLE 
RATIO')
110 FORMAT(IX,'ENTER THE MILLIVOLT ZERO AND THE CALIB. 
FACTOR(Z,CF)')
120 FORMAT(IX,'ENTER THE MILLIVOLT READING AND THE
rpm(mv,rpm)')
130 FORMAT(/,IX,'SLOPE AND COEFF. OF CORR FOR TORQUE VS 
RPS ARE:')
140 FORMAT(/,IX,'THE EXPONENT AND THE COEFF. FOR THE 
POWER LAW ARE:')
150 FORMAT(/,IX,'THE COEFFT OF CORR. FOR THE POWER LAW 
IS: ' )
160 FORMAT(//,IX,'SHEAR STRESS SHEAR RATE')




Notation used in Computer Program
N
SP








RPS Revolutions per second
CORR Coefft. of correlation
M Exponent from linear regression
B Coefficient from linear regression
Appendix F
COMPUTER PROGRAM FOR CALCULATING SEDIMENTATION
RATE
109
Computer program 'SETT' in FORTRAN to convert linear scale 
































REAL T,SL, S,R,K,M 
WRITE (6,100)

















WRITE (6,150) T(I), SL(I), W(l), P(l)
CONTINUE
FORMAT(IX,'ENTER THE NO. OF DATA POINTS, RADIUS, 
AND VOLUME')
FORMAT(IX,'ENTER THE ANGLE AND DENSITY OF MEDIUM') 
FORMAT (IX,'ENTER THE DENSITY OF COAL,HEIGHT &
INI.RDG')
FORMAT (IX,'ENTER THE TIME AND SLANT HEIGHT 
(T,L)')




Notation used in the computer program
T Time
SL Slant height
S Density of Coal
R Radius of settling tube
K Height in settling tube
Initial readingM
Ill
N Number of data points 
V Volume of slurry
B Angle of the side tube to the horizontal
D Density of medium
W Weight of slurry settled





Shear Stress-Shear Rate Data for As Received Coal-Water
Slurries of 0.223 mm Mean Particle Diameter
SOLIDS CONCENTRATION
15% sol ids 30% solids 40% solids 50% sol ids
Shear Shear Shear Shear Shear Shear Shear Shear
stress , rate, stress, rate, stress, rate, stress, rate,
f R T ? R T 2 R T o Rdynes/cm ̂ sec"1 dynes/cm secH dynes/cm sec-1 dynes/cm sec"1
6.96 41.3 15.3 35.7 25.0 48.8 45.9 35.19
5.57 22.6 11.14 19.86 16.72 23.05 29.25 17.11
4.17 9.93 5.57 5.53 8.36 6.41 16.7 7.04.17 9.93 5.57 5.53 6.96 4.59 11.14 3.67
4.17 9.93 4.17 3.26 4.17 1.78 8.35 2.32
3.78 33.2 2.78 1.54 2.78 0.84 5.57 1.221.39 0.46 1.39 0.43 2.09 0.49 2.78 0.4
1.39 0.46 0.69 0.12 1.39 0.23 1.39 0.13
5.6 22.2 16.7 44.8 26.5 52.7 45.96 32.95.57 22.17 11.14 21.5 16.01 19.52 29.25 16.1
4.17 9.93 5.57 6.17 9.75 7.32 18.1 7.54
4.17 9.93 4.17 3.67 6.69 3.76 12.53 4.23.48 5.97 2.78 1.76 5.57 2.42 8.35 2.22
2.78 3.2 2.78 1.76 4.18 1.37 5.57 1.17
1.39 0.46 1.39 0.51 2.79 0.62 2.78 0.390.69 0.07 0.69 0.14 1.39 0.15 1.39 0.13
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TABLE 7
Shear Stress-Shear Rate Data for As Received Coal-Water
Slurries of 0.223 mm Mean Particle Diameter
SOLIDS CONCENTRATION
55% solids 60% solids 65% solids
Shear Shear Shear Shear Shear Shear
stress, rate, stress, rate, stress, rate,
X 2 R x 2 R x 2 Rdynes/cm sec*1 dynes/cm" sec-1 dynes/cm sec'1
26.3 43.6 78.8 25.5 102.0 32.1
16.77 18.07 51.04 13.84 70.0 16.89
11.66 8.84 30.02 6.69 46.66 8.49
8.75 5.02 23.33 4.55 35.0 5.21
5.83 2.26 16.04 2.67 26.25 3.19
4.37 1.28 10.21 1.41 18.96 1.84
2.91 0.58 13.64 0.33 7.29 0.36
1.45 0.15 1.46 0.09 2.92 0.07
24.8 37.5 77.3 26.7 97.7 29.7
17.5 18.8 49.5 13.9 68.5 16.3
11.67 8.38 29.16 6.37 45.21 8.04
9.48 5.55 18.95 3.38 32.08 4.49
7.29 3.29 11.66 1.65 23.33 2.62
4.38 1.9 7.29 0.83 16.04 1.39
2.92 0.53 4.38 0.39 7.29 0.36
1.46 0.13 2.92 0.21 4.38 0.15
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TABLE 8
Shear Stress-Shear Rate Data for As Received Coal-Water
Slurries of 0.0635 mm Mean Particle Diameter
SOLIDS CONCENTRATION
40% solids 30% solids 15% sol ids
Shear Shear Shear Shear Shear Shear
stress, rate, stress, rate, stress , rate,
T 2 R T 2 R Xdynes/cm sec- ' dynes/cm sec-' dynes/cm sec 1
18.11 23.85 13.9 33.17 4.18 39.9
13.93 15.26 11.14 19.2 4.18 39.96
9.75 8. 32 9.75 13.85 2.78 11.25
8.36 6.39 8.35 9.5 2.78 11.25
5.57 3.21 5.57 3.51 2.08 4.58
4.18 1.97 4.18 1.73 1.39 1.291.39 0.30 2.78 0.65 1.39 1.29
0.69 0.09 1.39 0.12 0.69 0.14
15.32 47.1 11.14 43.9 4.18 51.02
11.14 21.81 9.75 30.7 3.48 27.09
8.35 10.88 6.96 12.5 2.78 12.48
6.96 6.99 5.57 6.87 2.78 12.484.18 2.03 4.18 3.18 2.08 4.594.18 0.77 2.79 1.07 2.08 4.59
2.79 0.76 2.79 1.07 1.39 1.121.39 0.14 1.39 0.16 0.69 1.01
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TABLE 9
Shear Stress-Shear Rate Data for As Received Coal-Water
Slurries of 0.0635 mm Mean Particle Diameter
SOLIDS CONCENTRATION





















2 R _, sec 1
39.0 28.68 77.99 35.46 112.82 37.85
29.25 17.95 50.14 16.97 77.99 19.14
18.10 8.22 30.65 7.47 50.14 8.97
12.54 4.52 22.28 4.39 36.21 4.64
8.35 2.33 15.32 2.35 25.07 2.35
5.57 1.21 9.75 1.11 16.71 1.11
2.78 0.39 5.57 0.43 11.14 0.53
1.39 0.13 2.78 0.13 5.57 0.15
45.96 26.89 79.39 25.85 121.18 39.58
32.03 15.36 52.9 14.55 77.99 18.36
20.89 7.91 30.64 6.71 47.36 7.69
15.32 4.89 22.28 4.27 33.43 4.19
11.14 2.98 15.32 2.51 23.68 2.29
5.57 1.02 9.75 1.32 15.32 1.08
2.78 0.35 4.18 0.39 8.36 0.37
1.39 1.39 1.39 0.08 5.57 0.18
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TABLE 10
Shear Stress-Shear Rate Data for As Received Coal-Water
Slurries of 0.044 mm Mean Particle Diameter
SOLIDS CONCENTRATION





























2 R _, sec 1
132.3 23.6 122.6 19.8 75.21 19.8 9.75 74.8 4.39 148.7
90.2 13.6 83.6 12.9 58.5 13.4 6.9 25.9 2.63 49.5
48.75 6.1 45.96 6.6 41.79 8.0 5.6 12.9 1.75 20.7
39 3.8 29.2 4.0 32.1 5.3 4.2 5.2 1.3 11.1
29.25 2.5 15.3 1.9 23.7 3.3 4.2 5.2 0.88 4.6
20.9 1.5 8.4 0.98 18.1 2.2 2.8 1.5 0.44 1.04
13.9 0.39 4.2 0.45 6.9 0.51 2.8 1.5 0.44 1.04
9.7 0.06 0.69 0.06 1.4 0.04 1.4 0.16 0.44 1.04
132.3 23.6 123.9 23.5 73.8 20.9 12.5 62.7 4.39 148.7
91.9 13.9 85.0 14.6 55.7 13.8 8.4 62.7 2.63 49.5
51.5 6.25 47.3 6.97 40.39 8.6 6.9 12.1 1.75 20.7
39.0 3.7 33.06 4.0 27.85 4.9 3.6 6.5 1.3 11.1
29.3 2.1 16.7 1.9 18.1 2.6 4.2 2.9 0.88 4.6
22.3 1.6 9.7 0.95 13.9 1.8 4.2 2.9 0.44 1.04
13.9 0.32 5.6 0.47 5.57 0.55 2.8 0.93 0.44 1.04
7.9 0.08 1.4 0.08 1.4 0.07 1.4 0.13 0.44 1.04
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TABLE 11
Shear Stress-Shear Rate Data for Hot Water Dried Coal-Water
Slurries of 0.223 mm Mean Particle Diameter
SOLIDS CONCENTRATION
15% sol ids 30% solids 40% solids 45% sol ids 50% solids
Shear Shear 
stress, rate, 










T 2 R 1 dynes/cm sec 1
Shear Shear 
stress, rate,







2 R _, sec
6.7 48.0 29.3 39.3 27.85 25.23 44.57 40.3 41.8 41.0
4.18 17.75 18.4 19.13 19.5 14.78 27.85 18.8 25.07 17.72
3.35 11.05 10.88 8.5 11.14 6.39 13.93 6.13 13.9 6.75
2.5 6.0 7.53 4.8 9.75 5.23 11.14 4.27 9.35 3.76
1.67 2.5 1 4.18 1.9 6.96 3.16 5.57 1.39 6.96 2.17
1.67 2.54 3.34 1.36 4.7 1.48 5.57 1.39 4.18 0.94
0.83 0.58 1.67 0.46 1.39 0.28 2.78 0.45 2.79 0.48
0.41 0.13 0.84 0.15 0.69 0.1 1.39 0.15 1.39 0.15
6.7 48.0 22.3 57.0 25.1 38.35 43.17 26.01 41.8 39.6
4.18 17.75 12.5 19.27 18.11 20.38 27.85 14.6 25.07 17.2
3.35 11.05 6.96 6.3 11.14 7.9 15.32 6.63 13.93 6.6
2.5 6.0 5.57 4.14 8.35 4.54 7.5 3.65 9.74 3.68
1.67 2.54 4.18 2.4 6.96 3.19 6.96 2.34 6.96 2.13
1.67 2.54 2.78 1.1 4.17 1.18 4.18 1.18 4.18 0.93
0.83 0.58 1.39 0.29 2.78 0.54 1.39 0.28 2.78 0.47
0.41 0.13 1.39 0.29 1.39 0.13 0.69 0.28 1.39 0.15
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TABLE 12
Shear Stress-Shear Rate Data for Hot Water Dried Coal-Water
Slurries of 0.044 mm Mean Particle Diameter
SOLIDS CONCENTRATION



















R _, sec 1
4.39 115.14 5.28 99.0 15.9 39.5
2.64 45.07 3.52 50.0 10.88 17.83
1.76 21.41 2.19 22.7 8.37 10.29
1.32 12.63 1.32 9.6 6.69 6.4
0.66 3.53 0.88 4.85 5.02 3.5
0.44 1.67 0.44 1.5 4.18 2.4
0.44 1.67 0.44 1.5 2.51 0.82
0.22 0.47 0.22 0.47 0.84 0.08
4.39 115.14 5.28 99.0 13.4 39.4
2.64 45.07 3.52 50.0 9.22 17.9
1.76 21.41 2.19 22.7 6.7 9.16
1.32 12.63 1.32 9.6 5.85 6.9
0.66 3.53 0.88 4.85 5.02 5.0
0.44 1.67 0.44 1.5 3.34 2.13
0.44 1.67 0.44 1.5 1.67 0.49
0.22 0.47 0.22 0.47 0.84 0.11
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TABLE 13
Shear Stress-Shear Rate Data for Hot Water Dried Coal-Water
Slurries of 0.044 mm Mean Particle Diameter
SOLIDS CONCENTRATION

























33.47 32.76 43.5 26.0 61.09 31.43
24.27 18.39 30.97 15.4 41.83 17.75
16.74 9.44 21.76 8.98 26.78 9.05
13.39 6.33 16.73 6.0 19.25 5.5
10.04 3.78 11.72 3.47 11.72 2.6
6.69 1.72 6.69 1.47 7.53 1.33
2.51 0.31 3.34 0.51 3.35 0.39
1.67 0.15 0.84 0.06 1.67 0.14
29.29 28.43 45.19 27.5 6 6 . 1 2 38.3
21.76 17.13 31.8 16.07 43.52 19.3
15.06 9.16 21.76 8.98 27.62 9.2
11.71 5.97 16.73 6.0 19.25 5.1
9. 2 3.96 11.72 3.47 12.55 2.54
5.86 1.83 6.69 1.47 7.53 1.1
3.37 0.71 3.34 0.51 4.18 0.42
0.84 0.06 0.83 0.06 2.51 0.18
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TABLE 14
Shear Stress-Shear Rate Data for Hot Water Dried Coal-Water
Slurries of 0.044 mm Mean Particle Diameter
SOLIDS CONCENTRATION
15% solids 30% sol ids 40% sol ids 45% sol ids 50% sol ids
Shear Shear Shear Shear Shear Shear Shear Shear Shear Shear
stress, rate, stress, rate, stress, rate, stress , rate, stress , rate,
X „ R T R X R X 2 R X Rdynes/cm sec 1 dynes/cmz sec 1 dynes/cirr sec dynes/'cmz sec 1 dynes/'cmz sec '
95.45 83.62 62.46 77.3 17.57 54.77 9.2 72.0 3.52 134.9
63.34 41.55 41.79 38.16 15.9 42.4 8.37 54.2 2.2 56.95
41.34 20.07 29.03 20.13 13.39 27.32 6.69 27.8 1.32 22.3
30.79 12.14 22.43 12.8 12.55 23.16 5.86 18.7 0.66 6.3
20.23 5.93 16.71 7.64 6.21 10.47 5.86 18.7 0.44 2.97
14.95 3.54 11.0 3.66 9.21 10.47 5.02 11.8 0.44 2.97
7.5 1.09 6.16 1.32 7.53 6.27 4.18 6.85 0.22 0.83
3.5 0.29 2.2 0. 22 7.55 6.27 4.18 6.85 0.22 0.83
93.69 78.74 37.82 100.0 6.69 4.64 3.35 3.32 3.52 134.9
63.78 42.18 26.83 44.7 6.69 4.64 3.35 3.52 2.2 56.95
39.59 19.45 18.91 15.9 5.02 2.22 3.35 3.52 1.32 22.3
30.35 12.63 14.95 11.5 5.02 2.22 3.35 3.52 0.66 6.318.9 5.86 12.75 7.94 3.34 0.79 2.51 1.49 0.44 2.97
13.19 3.27 10.11 4.62 3.34 0.79 1.67 0.44 0.44 2.97
7.92 1.43 6.59 1.7 1.67 0.13 1.67 0.44 0.22 0.832.64 0.24 3.51 0.39 1.67 0.13 0.84 0.56 0.22 0.83
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TABLE 15






0.223 mm 0.0635 mm 0.044 mm
b a b a b a
15 0.35 1.83 1.6 0.102 0.46 0.43
30 0.32 1.99 1.5 1.13 0.35 2.65
40 0.49 3.11 0.45 2.91 0.66 3.98
45 0.61 5.36 0.8 5.1
50 0.51 3.85 0.65 8.45 0.8 10.82











0.223 mm 0.0635 mm 0.044 mm
b a b a b a
15 0.47 1.07 0.33 0.54 0.24 0.54
30 0.60 2.68 0.59 0.34 0.35 0.95
40 0.49 3.52 0.47 2.53 0.39 3.68
45 0.58 3.8 0.57 4.43 0.51 5.25
50 0.69 4.54 0.65 5.2 0.6 6.8
55 0.63 5.01 0.64 6.61
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TABLE 17
Shear Rate-Apparent Viscosity Data for As Received
Coal-Water Slurries of 0.223 ram Mean Particle Diameter
SOLIDS CONCENTRATION
15% sol ids 30% sol ids 40% sol ids 50% sol ids
Shear App. Shear App. Shear App. Shear App.
rate, Vise. , rate, Vise., rate, Vise., rate, Vise.,
R V R V R y R ysec~l poise sec-1 poise sec~l poise sec--*- poise
41.3 0.16 35.7 0.43 48.76 0.5 41.0 1.02
22.6 0.25 19.9 0.56 23.65 0.73 17.7 1.4
9.9 0.42 5.53 1.0 6.4 1.3 6.75 2.2
9.9 0.42 5.5 1.0 4.6 1.5 3.76 2.5
9.9 0.42 3.3 1.3 1.8 2.34 2.2 3.2
3.3 1.13 1.54 1.8 0.84 3.3 0.94 4.5
0.46 2.9 0.43 3.2 0.49 4.18 0.48 5.7
0.46 2.9 0.12 5.8 0.23 6.04 0.15 9.3
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TABLE 18
Shear Rate-Apparent Viscosity Data for As Received
Coal-Water Slurries of 0.223 mm Mean Particle Diameter
SOLIDS CONCENTRATION

























43.6 0.60 25.5 3.09 32.1 3.20
18.07 0.93 13.84 3.69 32.1 4.15
8.84 1.32 6.69 4.49 8.49 5.49
5.02 1.73 4.55 5.13 5.21 6.72
2.26 2.581 2.67 6.01 3.19 8.23
1.28 3.42 1.41 7.24 1.84 10.3
0.58 5.02 0.33 11.33 0.36 20.25
0.15 9.66 0.09 16.22 0.07 41.71
37.5 0.66 26.7 2.89 29.7 3.29
18.8 0.93 13.9 3.56 16.3 4.21
8.38 1.39 6.37 4.58 8.04 5.62
5.55 1.71 3.38 5.61 4.49 7.15
3.29 2.21 1.65 7.07 2.62 8.91
1.9 2.30 0.83 8.78 1.39 11.54
0.53 5.55 0.39 11.23 0.36 20.25
0.13 11.23 0.21 13.9 0.15 48.63
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TABLE 19
Shear Rate-Apparent Viscosity Data for As Received
Coal-Water Slurries of 0.0635 mm Mean Particle Diameter
SOLIDS CONCENTRATION
15% solids 30% sol ids 40% solids
Shear App. Shear App. Shear App.
rate, vise., rate, vise. , rate, vise.,
R Vpoise
R , y R ysec“l sec- •poise sec- -̂ poise
39.9 0.10 33.17 0.42 23.85 0.76
39.9 0.1 19.2 0.58 15.26 0.92
11.25 0.25 13.85 0.71 8.32 1.17
11.25 0.25 9.5 0.88 6.39 1.31
4.58 0.45 3.5 1.6 3.2 1.73
1.29 1.08 1.75 2.42 1.97 2.12
1.29 1.08 0.63 4.3 0.3 4.6
0.15 4.7 0.12 11.58 0.09 7.42
51.02 0.08 43.9 0.25 47.1 0.32
17.09 0.12 30.7 0.32 21.8 0.51
12.48 0.22 12.5 0.56 10.9 0.77
12.48 0.22 6.87 0.81 6.99 1.0
4.6 .45 3.18 1.32 2.03 2.06
4.6 0.45 1.07 2.6 0.77 5.42
1.12 1.24 1.07 2.6 0.76 3.7
1.01 6.89 0.16 8.23 0.14 9.92
126
TABLE 20
Shear Rate-Apparent Viscosity Data for As Received
Coal-Water Slurries of 0.0635 mm Mean Particle Diameter
SOLIDS CONCENTRATION
45% sol ids 50% sol ids 55% sol ids
Shear App. Shear App. Shear App.
rate, Vise., rate, Vise., rate, Vise.,
R y R y R ysec-1 poise sec-1 poise sec-1 poise
28.68 1.36 35.46 2.2 37.85 2.98
17.95 1.63 16.97 2.95 19.14 4.07
8.22 2.2 7.5 4.11 8.97 5.594.52 2.77 4.39 5.08 4.64 7.81
2.33 3.58 2.35 6.5 2.35 10.67
1.2 4.6 1.1 8.78 1.1 15.05
0.39 7.13 0.43 12.9 0.53 21.05
0.12 11.03 0.13 20.44 0.15 37.13
26.89 1.7 25.85 3.0 39.6 3.07
15.4 2.1 14.5 3.6 18.4 4.25
7.9 2.64 6.7 4.57 7.69 6.16
4.9 3.13 4.27 5.22 4.19 7.98
2.98 3.73 2.51 6.1 2.3 10.34
1.02 5.46 1.32 7.4 1.08 14.2
0.35 7.9 0.39 10.72 0.37 22.6
0.14 10.1 0.08 17.38 0.18 30.11
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TABLE 21
Shear Rate-Apparent Viscosity Data for As Received
Coal-Water Slurries of 0.044 mm Mean Particle Diameter
SOLIDS1 CONCENTRATION









































148.7 0.03 74.8 0.13 19.8 3.8 19.8 6.2 23.6 5.6
49.5 0.05 25.9 0.27 13.4 4.4 12.9 6.5 13.6 6.4
20.7 0.08 12.9 0.44 8.0 5.23 6.6 6.97 6.0 7.7
11.1 0.12 5.2 0.81 5.3 6.04 4.0 7.3 3.8 8.4
4.6 0.19 5.2 0.81 3.3 7.2 1.9 8.06 2.5 9.5
1.04 0.43 1.5 1.9 2.2 8.3 0.98 8.6 1.5 10.2
1.04 0.43 1.5 1.87 2.2 8.23 0.98 8.6 1.5 10.2
1.04 0.43 0.16 8.75 0.04 35.0 0.06 11.5 0.06 23.33
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TABLE 22
Shear Rate-Apparent Viscosity Data for Hot Water Dried
Coal-Water Slurries of 0.223 mm Mean Particle Diameter
SOLIDS CONCENTRATION









































35.19 1.39 40.31 1.10 38.35 0.65 57.0 0.39 48.0 0.13
17.11 1.81 18.83 1.47 20.38 0.88 19.27 0.64 17.75 0.23
0.70 2.41 6.13 2.26 7.9 1.41 6.31 1.10 11.05 0.30
3.67 2.97 4.27 2.60 4.54 1.83 4.14 1.34 6.0 0.41
2.32 3.76 2.34 2.97 3.19 2.18 2.39 1.74 2.54 0.65
1.22 4.76 1.19 3.51 1.47 2.83 1.11 2.51 2.54 0.65
0.40 7.13 0.45 6.15 0.54 5.14 0.29 4.79 0.58 1.43
0.13 10.69 0.15 9.26 0.10 6.96 0.15 5.6 0.13 3.15
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TABLE 23
Shear Rate-Apparent Viscosity Data for Hot Water Dried
Coal-Water Slurries of 0.0635 mm Mean Particle Diameter
SOLIDS CONCENTRATION
























115.14 0.04 99.0 0.05 39.5 0.41
45.07 0.05 50.0 0.07 17.8 0.61
21.41 0.08 22.7 0.09 10.29 0.82
12.63 0.11 9.6 0.14 6.4 1.04
3.53 0.19 4.85 0.18 3.5 1.43
1.67 0.27 1.5 0.29 2.4 1.74
1.67 0.26 1.5 0.29 0.82 3.06
0.47 0.47 0.47 0.47 0.08 10.2
115.14 0.03 99.0 0.05 39.4 0.34
45.07 0.05 50.0 0.07 17.9 0.51
21.41 0.08 22.7 0.09 9.16 0.73
12.63 0.11 9.6 0.14 6.9 0.85
3.53 0.19 4.9 0.18 5.0 1 . 0
1.67 0.26 1.5 0.29 2.13 1.56
1.67 0.26 1.5 0.29 0.49 3.4
0.47 0.46 0.47 0.47 0.11 7.65
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TABLE 24
Shear Rate-Apparent Viscosity Data for Hot Water Dried
Coal-Water Slurries of 0.0635 mm Mean Particle Diameter
SOLIDS CONCENTRATION
























32.7 1.02 26.0 1.7 31.4 1.94
18.4 1.32 15.4 2.01 17.75 2.4
9.4 1.8 8.98 2.42 9.05 2.96
6.3 2.11 6.0 2.8 5.5 3.5
3.8 2.65 3.5 3.4 2.6 4.51
1.72 2.9 1.47 4.55 1.33 5.66
0.37 7.99 0.51 6.54 0.39 8.6
0.15 10.98 0.06 14.0 0.14 11.93
28.43 1.03 27.5 1.64 38.3 1.72
17.13 1.27 16.07 1.99 19.3 2.25
9.16 1.65 8.98 2.42 9.2 3.0
5.97 1.97 6.0 2.8 5.1 3.8
3.96 2.32 3.47 3.38 2.5 4.95
1.83 3.2 1.5 4.55 1.1 6.85
0.71 4.75 0.51 6.54 0.42 9.9
0.06 12.54 0.06 13.8 0.18 13.95
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TABLE 25
Shear Rate-Apparent Viscosity Data for Hot Water Dried
Coal-Water Slurries of 0.044 mm Mean Particle Diameter
SOLIDS CONCENTRATION









































93.6 1.14 135.0 0.02 72.0 0.13 54.77 0.32 77.3 0.81
41.5 1.52 57.0 0.04 54.2 0.15 42.4 0.37 38.16 1.1
20.07 2.1 22.3 0.06 27.8 0.24 27.32 0.49 20.13 1.5
12.14 2.59 6.3 0.11 18.7 0.32 23.16 0.54 12.8 1.8
5.93 3.41 2.97 0.16 18.7 0.32 10.5 0.59 7.64 2.2
3.54 4.22 2.97 0.16 11.8 0.43 10.5 0.6 3.66 3.0
1.1 6.88 0.83 0.27 6.85 0.61 6.3 1.2 1.32 4.75
0.3 12.07 0.83 0.27 6.85 0.61 6.3 1.2 0.22 10.0
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TABLE 26
Settling Rate Data for 0.223 mm As Received Coal-Water
Slurry
SOLIDS CONCENTRATION
10% sol ids 20% sol ids 40% sol ids 60% solids
Time, Percent Time, Percent Time, Percent Time, Percent
settled, settled, settled, settled,
t W t W t W t W
min % min % min % min %
002 15.12 002 08.02 004 07.12 004 04.2
005 27.16 005 18.5 010 15.8 020 19.21
010 48.8 010 32.76 020 29.9 030 25.1
020 60.6 020 50.5 030 37.5 040 30.96
030 71.2 030 55.3 040 42.1 060 36.8
050 71.5 040 56.4 080 46.3 110 38.2
080 73.0 080 59.6 120 48.3 140 39.9
120 75.1 120 60.3 160 49.56 160 39.5
180 77.9 180 65.6 180 51.1 180 40.12
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TABLE 27
Settling Rate Data for 0.0635 mm As Received Coal-Water
Slurry
SOLIDS CONCENTRATION
10% solids 20% solids 30% sol ids 40% sol ids
Time, Percent Time, Percent Time, Percent Time, Percent
settled, settled, settled, settled,
t W t W t W t W
min % min % min % min %
005 14.15 005 4.6 005 3.1 005 1.5
010 25.1 010 7.1 010 6.15 010 3.1
030 45.21 030 20.1 030 17.21 030 18.91
050 54.25 050 30.2 050 25.1 050 13.82
070 59.2 090 44.1 090 35.1 090 25.1
090 62.1 100 45.25 100 37.2 100 27.5
100 63.4 120 50.12 120 42.0 120 32.5
120 64.6 140 52.78 140 45.0 140 37.13
140 65.3 160 54.8 160 47.2 160 40.91
— — 180 55.8 175 48.5 175 42.5
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Appendix H
VARIATION OF POWER LAW PARAMETER
136
137
Shear stress-shear rate data of coal-water slurries fit 
the Power law model quite well. The variation of Power law 
coefficient 'a' with respect to solids concentration is giv­
en in Figures 40 and 41 in this appendix. Figures 40 and 41 
depict 'a' plotted against solids concentration for as re­
ceived coal-water slurries and hot water dried coal-water 
slurries respectively. It is seen that the value of 'a' in­












Figure 40: Effect of Solids Concentration on Power Law












Figure 41: Effect of Solids Concentration on Power Law 








a Power law coefficient,
b Power law exponent,
cp Centipoise
CAR Coal as Received.
CF Calibration factor,
d Density of the medium, gms/cm .
D Density of the suspension, gms/cm^.
Ds Spindle diameter, cm.
h Height of the suspension, cm.
HWD Hot Water Dried coal at 311 C.
j Angle the side tube makes with the horizontal, degrees
K Constant
L Length of the liquid column in the sude tube, cm.
Ls Spindle length, cm.
mv Millivolt
n d log(torque)/d log(N).
N Spindle speed in RPM/RPS.
q Level difference in the two arms of the sedimentation
apparatus, cm.
R Shear Rate, 1/sec.
RPM Revolutions per minute.
RPS , Revolutions per second.
s Cup to spindle ratio for Brookfield viscometer.
S Specific gravity of the solid phase.
SP Spindle factor,
t Time, minutes
t Shear Stress, dynes/cm2.
142
Tw Shear Stress at the wall, dynes/cm2.
P Apparent Viscosity of the slurry, poise,
v Volume of solid phase in the apparatus, cm2.
V Volume in Sedimentation tube above the side tube, cm2,
w Weight of the soild phase, gms.
W Percent of solids settled.
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